SUMMARY
Insects, like most animals, tend to steer away from imminent threats [1] [2] [3] [4] [5] [6] [7] . Drosophila melanogaster, for example, generally initiate an escape take-off in response to a looming visual stimulus, mimicking a potential predator [8] . The escape response to a visual threat is, however, flexible [9] [10] [11] [12] and can alternatively consist of walking backward away from the perceived threat [11] , which may be a more effective response to ambush predators such as nymphal praying mantids [7] . Flexibility in escape behavior may also add an element of unpredictability that makes it difficult for predators to anticipate or learn the prey's likely response [3] [4] [5] [6] . Whereas the fly's escape jump has been well studied [8, 9, [13] [14] [15] [16] [17] [18] , the neuronal underpinnings of evasive walking remain largely unexplored. We previously reported the identification of a cluster of descending neurons-the moonwalker descending neurons (MDNs)-the activity of which is necessary and sufficient to trigger backward walking [19] , as well as a population of visual projection neuronsthe lobula columnar 16 (LC16) cells-that respond to looming visual stimuli and elicit backward walking and turning [11] . Given the similarity of their activation phenotypes, we hypothesized that LC16 neurons induce backward walking via MDNs and that turning while walking backward might reflect asymmetric activation of the left and right MDNs. Here, we present data from functional imaging, behavioral epistasis, and unilateral activation experiments that support these hypotheses. We conclude that LC16 and MDNs are critical components of the neural circuit that transduces threatening visual stimuli into directional locomotor output.
RESULTS AND DISCUSSION
In our first series of experiments, we revisited the neuronal activation phenotypes of lobula columnar 16 (LC16) and moonwalker descending neuron (MDN) cells by acutely depolarizing them using a red-light-activated cation channel, CsChrimson [20] , in an optogenetic behavioral assay. We used two different split-GAL4 driver lines that label the identical LC16 population (LC16-1 and LC16-2 GAL4s) and three different lines that label the identical MDN cells (MDN-1, MDN-2, and MDN-3 GAL4s; see the list of genotypes in the Supplemental Experimental Procedures). Bilateral activation of either LC16 cells or MDNs elicited backward locomotion, as previously observed [11, 19] , but a closer examination revealed subtle differences between the LC16-and MDN-triggered motor programs (Figure 1 ). In order to quantify these behaviors, we used computer vision software to extract two distinct features of locomotion: translation and rotation (see the Supplemental Experimental Procedures). During the 2 s stimulation window, LC16 cells triggered transient backward locomotion that included a strong turning component-eventually leading the fly to resume forward walking in a direction different from its original heading (Figures 1A-1C ; Movie S1). Upon LC16 activation, the resumption of forward locomotion would often begin during the 2 s light stimulation. By contrast, MDNs triggered slower, straight or slightly curved backward walking that persisted until the end of the stimulation period (Figures 1A-1C ; Movie S1).
We used hysteresis-based thresholds [21, 22] to define six distinct behavioral states based on translational and angular velocities: straight backward walking, backward turning, straight forward walking, forward turning, stall, and pivot (i.e., turning without translation; see the Supplemental Experimental Procedures). Consistent with our qualitative observation, we observed that flies in which LC16 was activated predominantly showed backward turning and pivots, whereas flies with MDNs activated showed substantially more straight backward walking ( Figures 1D  and S1 ).
Next we asked whether LC16 could trigger neuronal responses in MDNs. We optogenetically activated the LC16 neuronal population with CsChrimson while simultaneously imaging calcium transients in the dendritic arbors of MDNs using GCaMP6m [23] (Figure 2A) . In an explanted central nervous system (CNS), optogenetic activation of LC16 cells was sufficient to trigger calcium responses in MDNs (Figures 2B and  2C ). The response was mostly abolished by bath application of mecamylamine-an inhibitor of cholinergic synaptic transmission ( Figures 2B and 2C ). These results suggest that LC16 neurons activate MDNs via an excitatory cholinergic input. This input is unlikely to be a direct synaptic connection since the arborizations of LC16 and MDN cells do not overlap (Figure 2A ; Movie S2). Is MDN activity necessary for LC16-triggered backward locomotion? To address this question, we activated LC16 with CsChrimson in a background in which MDNs were inactivated by expression of the tetanus toxin light chain (TNT), an inhibitor of synaptic transmission [24] . As a positive control, we included flies in which TNT was expressed in LC16 rather than MDNs. As a negative control, we used flies in which an empty vector controlled TNT expression. We observed that the backward component of LC16-triggered retreat was dramatically reduced in all experimental and positive control genotypes, but not in the negative controls (Figure 3 ; Movie S3). The residual backward translation of the experimental flies was not significantly different from that of the positive control, suggesting that it reflects incomplete neuronal silencing with TNT rather than an MDN-independent component to LC16-triggered backward locomotion ( Figures 3B-3D) .
By contrast, the turning component resulting from LC16 activation was partially suppressed when MDNs were silenced (Figures 3C-3D ; Movie S3), suggesting that LC16 neurons induce turning via both MDN-dependent and MDN-independent pathways. Quantification of the six behavioral states revealed that LC16-trigged backward turns were effectively and similarly suppressed by silencing of either MDNs or the LC16 cells themselves ( Figures 3D and S2 ). The MDN-dependent pathway thus mediates the backward turns elicited by LC16 activation. Forward turns were more weakly and variably suppressed by MDN silencing (Figure 3D ), suggesting that they rely primarily on the MDN-independent pathway. Pivots were increased upon both MDN and LC16 silencing ( Figure 3D ), perhaps in both cases as an indirect consequence of the inability to retreat.
There are four MDN cells, two on each side of the CNS, with axons that project contralaterally to all three leg neuropils of the thoracic ganglia [19] . We speculated that asymmetric activation of the left and right MDNs might result in backward turning. To address this possibility, we applied a genetic approach to stochastically activate subsets of the four MDN cells [11] (see the Supplemental Experimental Procedures). In individual flies, the stochastically activated cells can be anatomically identified and correlated to the fly's behavior (Figures 4A-4C ; Movie S4). We found that, overall, the extent of backward translation correlated with the total number of MDNs activated and the amount of turning correlated with the asymmetry of activation ( Figure 4C ). Asymmetric MDN activation consistently favored backward turning to the contralateral side (with respect to the location of the MDN soma in the brain). These results suggest that each of the four MDNs can act independently and that collectively they control both the magnitude and direction of backward locomotion.
In conclusion, our results suggest that LC16 cells and MDNs mediate visually evoked retreat via an excitatory feedforward circuit ( Figure 4D ). The four MDN cells can elicit a range of related motor outputs, depending on the pattern of their significance was assessed using the Kruskal-Wallis test (p < 0.0001 for both panels), followed by Dunn's post hoc test for pairwise comparisons against the empty GAL4 (black) and LC16-1 (red) controls. In this and other panels, ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05; ns, not significant. (D) Per-fly mean, over five trials, of the fraction of time spent in the indicated behavioral states during the 2 s window of optogenetic activation. Kruskal-Wallis tests (p < 0.0001 for all panels) were followed by Dunn's post hoc test for pairwise comparisons against empty GAL4 (black) and LC16-1 (red) controls. Data for straight forward and stalled states are shown in Figure S1 . See also Movie S1.
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ΔF/F activity: symmetric activation of all four MDNs elicits straight backward walking, whereas asymmetric activation favors backward turning. Under natural conditions, a visual threat is likely to preferentially activate the ipsilateral LC16 cells, which we infer would lead to stronger activation of the ipsilateral MDNs and hence contralateral (evasive) turning. Even in the absence of pronounced asymmetry in LC16 activation, intervening circuits may introduce or amplify left-right differences to result in primarily unilateral MDN activation. We anticipate that MDNs also receive input from other sensory pathways. Mechanosensory cues, for example, might activate MDNs in response to a physical obstruction, and these too might differentially activate ipsilateral and contralateral MDNs to determine both the direction and extent of backward walking. The descending neurons that control forward walking and turning in Drosophila have not yet been identified, but once they are, it will be interesting to determine whether these cells employ an analogous logic to that of the MDNs to direct forward, rather than backward, walking and turning. experiments; Ines Ribeiro and Allen Lee for assisting in data analysis; William
